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The physical properties of manganites depend strongly on sample morphology, probably 
due to strain. We investigate the influence of NdGaO3 substrates on the limit of the 
ferromagnetic-metallic phase field in La1-xCaxMnO3, doping with x=1% resolution. Films 
with x=0.40 show a metal-insulator transition, but the ferromagnetic volume fraction is 
half the spin aligned value. Films with x=0.41 are similar but the metal-insulator 
transition is not always seen. Films with x=0.42, 0.43, 0.44, 0.45 are insulating, and the 
magnetization is dramatically reduced. The observed phase boundary indicates where to 
search for enhanced phase separation effects that may be exploited in thin films and 
devices. 
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Manganites such as La1-xCaxMnO3 display a rich array of physical phenomena [1,2] such 
as colossal magnetoresistance (CMR) [3]. These phenomena arise via the interacting 
magnetic, electronic and crystal structures that give rise to complex phases whose natures 
may be controversial [4,5]. At present, the most exciting phenomena involve phase 
coexistence over a wide range of lengthscales [6]. The balance between the competing 
phases may be tuned using many parameters such as magnetic field and temperature 
[7-9]. Strain plays a particularly significant role [10-12] and therefore sample 
morphology will heavily influence physical properties. Epitaxial films have the capacity 
to reveal basic physical properties because certain extrinsic effects, such as those 
introduced by grain boundaries, are minimized.  
 
Exploiting phase separation in thin film devices is a challenge that has renewed the 
interest in the manganites. For example, small driving forces may alter the conductivity 
leading to memory effects [9,13,14]. In order to optimize the design and performance of 
phase separated manganite devices, high resolution thin film x-T phase diagrams are 
desirable. In this work, we systematically investigate the limit of ferromagnetism and the 
percolation threshold in La1-xCaxMnO3 thin films with 0.40≤x≤0.45, where metallic and 
insulating phases are likely to coexist.   
 
Series of 20 and 50 nm films of La1-xCaxMnO3 were grown on NdGaO3 (001) substrates 
(NGO) by pulsed laser deposition (λ=248 nm, 1 Hz, target-substrate distance=6.5 cm, 
~800°C, 15 Pa O2, 2 J.cm-2) from commercial targets (Praxair, USA) with Ca contents in 
the range 0.40≤x≤0.45 (∆x=0.01). After deposition, films were annealed in ~50 kPa O2 
for 1 hour at the growth temperature, and then cooled quickly to room temperature. X-ray 
diffraction (XRD) of the targets was performed in a Philips PW1050 diffractometer 
(CuKα). Films were measured in a High Resolution Philips PW3050/65 X'Pert PRO 
horizontal diffractometer (CuKα1). The magnetic properties of the target fragments and 
the films were studied in the cold stage of a Princeton Measurement Corporation 
vibrating sample magnetometer (VSM). Absolute values of resistivity were determined at 
room temperature using the van der Pauw technique, with silver dag contacts around the 
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sample perimeter. Variable temperature electrical measurements were carried out in a 
closed cycle He cryostat using four in-line silver dag contacts. 
 
All targets were found to be single phase within the resolution of our diffractometer, and 
an orthorhombic Pnma unit cell was identified. Lattice parameters were obtained from a 
Rietveld refinement using the Fullprof program [15]. As expected, the lattice parameters 
and unit cell volume decrease with increasing Ca content. This indicates that the A-site 
cation composition displays the nominal monotonic variation within the series of targets. 
Pseudo-cubic lattice parameters assuming Pnma are ac2=(a/2)2+(c/2)2 and cc=b/2.  
Pseudo-cubic lattice parameters assuming Pbnm, typically used for NGO, are 
ac2=(a/2)2+(b/2)2 and cc=c/2. The in-plane lattice parameters are thus ac=3.864 Å (NGO) 
[16] and ac=3.855 Å (La1-xCaxMnO3, x=0.40). The expected lattice mismatch 
100×(acLCMO-acNGO)/acLCMO is only -0.2% at x=0.40, increasing to -0.5% at x=0.45. These 
values are smaller than for SrTiO3 (-1.3% to -1.5%) or LaAlO3 (1.7% to 1.5%) substrates. 
 
Both 20 nm and 50 nm films were found to be epitaxial and coherently strained. Figure 1 
shows representative high resolution XRD scans around the orthorhombic (004) 
reflection of the NGO substrate indexed as Pbnm. The observed thickness fringes 
confirm both the crystallinity and the coherent nature of the interface. Film thickness as 
determined from the period of the fringes was 20±2 nm and 50±4 nm for each series. The 
out of plane lattice parameter of the manganite film could not be calculated with high 
precision due to overlap of the film peak with the substrate peak as seen in Figure 1. 
 
The magnetic properties of all films are very different from the corresponding targets. All 
targets are strongly ferromagnetic as expected [17, 18]. However, the saturation 
magnetization MS of both 20 and 50 nm films is significantly reduced for x=0.40 and 
0.41, and too small to be resolved for x>0.42. Figure 2 shows the 50 K hysteresis loops 
for 20 nm films with x=0.40, 0.41 and 0.42, after substracting the paramagnetic NGO 
substrate contribution. MS values are 1.71 µB/Mn, 1.43 µB/Mn and 0.14 µB/Mn, 
respectively. The dramatic reduction seen at x=0.42 is identified as a thin film effect 
because it is not seen in the corresponding target where MS=3.10 µB/Mn (Figure 2, inset). 
 3
Table I gives ferromagnetic volume fractions for the 20 and 50 nm films at x=0.40, 0.41 
and 0.42. Due to the strongly paramagnetic substrate, the existence of ferromagnetism in 
these films at high temperatures cannot be reliably resolved, and therefore Curie 
temperatures are not presented. Similarly, we cannot resolve a ferromagnetic component 
in films with x=0.43, 0.44 and 0.45.  
 
Figure 3 shows selected resistivity-temperature data for the 20 nm film series, which is 
qualitatively identical for the 50 nm film series. A metal-insulator transition is always 
seen in x=0.40 films, but only sometimes in films with x=0.41. Films studied with x≥0.42 
are always insulating in the measured temperature range. By contrast, all targets studied 
shows the expected [17, 18] metal-insulator transition (see e.g. Figure 3, inset). 
 
Given that high quality films with x=0.30 have been grown in this laboratory under 
equivalent conditions [20], the magnetic and electrical data presented above may be 
attributed to thin film effects. We summarize and interpret our results as follows. Films at 
x=0.40 are qualitatively similar to films that lie deep within the ferromagnetic metallic 
phase around x=3/8 [17, 18], but the ferromagnetic phase fraction is halved (Figure 2). 
Therefore the resistivity is increased and the metal-insulator transition is suppressed. 
Films with x=0.41 always display some degree of ferromagnetism but not every sample 
displays metallicity. This suggests that x=0.41 films are also phase separated, but unlike 
x=0.40 films they lie near a percolation threshold such that their physical properties are 
very susceptible to subtle variations, e.g. in strain. The ferromagnetic metallic state is 
dramatically suppressed in films with x≥0.42 but a very small phase fraction may persist.  
 
Based on the above findings, a thin film phase diagram for epitaxial La1-xCaxMnO3 on 
NdGaO3 is presented in Figure 4. It differs dramatically from bulk phase diagram [17,18] 
because phase separation halves the phase fraction of the ferromagnetic metal, and 
reduces the limit of metallicity and ferromagnetism by x≈0.09 from x=0.5 in the bulk to 
x≈0.41 in our films. Given that oxygen deficiencies would tend to electron dope 
La1-xCaxMnO3 and therefore increase rather than reduce the limit of metallicity and 
ferromagnetism, we attribute our observations to epitaxial strain. The apparent 
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percolation threshold near x=0.41 could be exploited to optimize e.g. memory effects 
[9,13,14] or low-field magnetoresisance [23,24] in devices based upon phase separated 
manganites. 
  
Financial support by the UK EPSRC, the EU, The Royal Society and ANPCYT PICT 
No. 03-13517 (Argentina) is acknowledged. The authors thank E.C. Israel and H.Y. 
Hwang for helpful comments.  
 
 5
References 
 
M.B. Salamon and M. Jaime, Rev. Mod. Phys. 73, 583 (2001). 1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 
10.
11.
12.
13.
14.
15.
16.
17.
18.
E. Dagotto, T. Hotta, and A. Moreo, Phys. Rep. 344, 1 (2001). 
S.-H Jin, T.H. Tiefel, M. McCormack, R.A. Fastnacht, R. Ramesh, and L.H. Chen, 
Science 264, 413 (1994). 
J.C. Loudon, S. Cox, A.J. Williams, J.P. Attfield, P.B. Littlewood, P.A. Midgley, and 
N.D. Mathur, Phys Rev Lett 94, 097202 (2005) 
S. Cox, E. Rosten, J. C. Chapman, S. Kos, M. J. Calderón, D.-J. Kang, P. B. 
Littlewood, P. A. Midgley, and N. D. Mathur, Phys. Rev. B 73 (2006) 132401. 
N. Mathur and P. Littlewood, Phys. Today 56, (2003) 62. 
M. Uehara and S.-W. Cheong, Europhys. Lett. 52, 674 (2000). 
R.D. Merithew, M.B. Weissman, F.M. Hess, P. Spradling, E.R. Nowak, J. O’Donnell, 
J.N. Eckstein, Y. Tokura, and Y. Tomioka, Phys. Rev. Lett. 84, 3442 (2000).  
P. Levy, F. Parisi, L. Granja, E. Indelicato, and G. Polla, Phys. Rev. Lett. 89, 137001 
(2002). 
 H.S. Wang, E. Wertz, Y.F. Hu, Q. Li, and D.G. Schlom, J. Appl. Phys. 87, 7409 
(2000). 
 Y.-A. Soh, G. Aeppli, N.D. Mathur and M.G. Blamire, Phys. Rev. B 63, 020402 
(2000).  
 K.H. Ahn, T. Lookman and A.R. Bishop, Nature (London) 428, 401 (2004). 
 P. Levy, F. Parisi, M. Quintero, L. Granja, J. Curiale, J. Sacanell, G. Leyva, G. Polla, 
R.S. Freitas, and L. Ghivelder, Phys. Rev. B 65, 140401 (2002). 
 D. Casa, B. Keimer, M.v. Zimmermann, J.P. Hill, H.U. Habermeier, and F.S. Razavi, 
Phys. Rev. B 64, 100404 (2001). 
 J. Rodríguez-Carvajal, Physica B (Amsterdam) 192, 55 (1993). 
 S. Geller, Acta Cryst. 10, 243 (1957). 
 S.-W. Cheong and H.Y. Hwang, in Colossal Magnetoresistive Oxides, edited by Y. 
Tokura (Gordon and Breach, Amsterdam, 2000). 
 P. Schiffer, A.P. Ramirez, W. Bao, and S.-W. Cheong, Phys. Rev. Lett. 75, 3336 
(1995). 
 6
19.
20.
21.
22.
23.
24.
 N.D. Mathur, M.-H. Jo, J.E. Evetts, and M.G. Blamire, J. Appl. Phys. 89, 3388 
(2001). 
 M.-H. Jo, N.D. Mathur, N.K. Todd, and M.G. Blamire, Phys. Rev. B 61, R14905 
(2000). 
 M. Uehara, S. Mori, C.H. Chen, and S.-W. Cheong, Nature (London) 399, 560 
(1999). 
 J. P. Franck, I. Isaac, Weimin Chen, J. Chrzanowski, and J.C. Irwin, Phys. Rev. B 58, 
5189 (1998). 
 L. Granja, L.E. Hueso, P. Levy, and N.D. Mathur, manuscript in preparation. 
 L.E. Hueso, L. Granja, P. Levy, and N.D. Mathur, cond-mat/0511632.  
 
 7
Table I. Ferromagnetic volume fractions in the 20 nm and 50 nm film series for x=0.40, 
0.41 and 0.42. Values calculated from dividing the saturation magnetization MS by the 
fully spin-aligned value (4-x) µB/Mn. 
 
Thickness x = 0.40 x = 0.41 x = 0.42 
20 nm 0.47 0.38 0.05 
50 nm 0.54 0.47 0.17 
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Figure Captions 
 
Figure 1. High-resolution XRD ω-2θ scans of representative films in the series 
La1-xCaxMnO3 0.40≤x≤0.45. The sharp substrate (004) peak overlaps with the 
corresponding film peak, and thickness fringes may be seen.  
 
Figure 2. 50 K magnetization M versus field B loops for 20 nm thick films with x=0.40, 
0.41 and 0.42. The magnetometer axis was parallel to the orthorhombic [100] film easy 
axis [19]. Inset: corresponding loop for the x=0.42 target at 50 K. 
 
Figure 3. Resistivity ρ versus temperature T for 20 nm films with x=0.40, 0.41 and 0.42. 
Inset: resistance R versus T for the x=0.42 target. The small suppression in the transition 
temperature may be due to deoxygenation. 
 
Figure 4. Thin film phase diagram for 20 nm epitaxial La1-xCaxMnO3 on NGO in 
0.40≤x≤0.45. Metal-insulator transition temperatures (∆) and 50 K ferromagnetic phase 
fractions (•) are plotted. The straight lines are a guide to the eye. The boundary between 
the phase separated metallic phase (PSM) and the paramagnetic insulating (PMI) phase 
assumes that percolation requires a ferromagnetic fraction of 10%, which is a lower 
bound [21]. The inset shows the corresponding phase diagram for polycrystalline samples 
(data from [18, 22]) where the phase fraction of the ferromagnetic metallic phase (FMM) 
is ~0.9 for x = 0.45 [18]. Open triangles (∆) correspond to metal-insulator transition 
temperatures.  
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